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Abstract 

We study different patterns of interference in WIMP-nuclei elastic scattering that can accommodate the 
DAMA and CoGeNT experiments via an isospin violating ratio f n /fp = -0.71. We study interference 
between the following pairs of mediators: Z and Z', Z' and Higgs, and two Higgs fields. We show under 
t— I what conditions interference works. We also demonstrate that in the case of the two Higgs interference, an 

explanation of the DAMA/CoGeNT is consistent with Electroweak Baryogenesis scenarios based on two 
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Higgs doublet models proposed in the past. 
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I. INTRODUCTION 



Asymmetric dark matter has emerged as a competitive paradigm to thermally produced dark 
matter. Instead of having a mechanism where the population of Weakly Interacting Massive 
Particles (WIMPs) is controlled by annihilations, it is possible to have an initial asymmetry between 
particles and antiparticles. The existence of a conserved quantum number associated with the 
WIMPs can protect them from decay or co-annihilation. If the particle-antiparticle annihilation 
is sufficiently strong, antiparticles are eliminated by equal number of particles, and due to the 
asymmetry, the dark matter (DM) consists of the remaining particles. If annihilations are not 
strong enough, a mixed case with a substantial number of antiparticles present today is also 
possible [1]. Obviously in this mixed scenario DM consists of both particles and antiparticles. The 
fact that the asymmetry in the DM sector resembles the baryonic asymmetry, makes asymmetric 
DM easily incorporated in extensions of the Standard Model. It also means that the asymmetries 
in the baryonic and dark sector might be related. Although the idea of asymmetric DM is not new 
[2-5], it has recently attracted a lot of interest [6-22]. 

The current status of experimental direct detection of DM is quite intriguing. A signal with 
annual modulation possibly attributed to DM has been solidly established in DAMA [23], and more 
recently in CoGeNT [24]. In addition CRESST-II [25] has recently released results compatible with 
the existence of a light WIMP too. However, experiments such as CDMS [26], and XenonlO/100 [27, 
28] find null evidence for DM, imposing thus severe constraints on WIMP-nucleons cross sections. 
The fact that some experiments detect DM and some other do not is not the only experimental 
discrepancy one faces. Upon assuming spin-independent interactions between WIMPs and nuclei, 
it is clear that DAMA and CoGeNT are at odds, if WIMPs couple to protons and neutrons with 
equal strength. However if the relative couplings of WIMPs to neutrons and protons satisfy 
f n /f p ~ -0.71 [29, 30], an agreement of DAMA and CoGeNT is possible, and it indicates a DM- 
proton cross section o p ~ 2 x 10~ 38 cm 2 and a DM mass moM ~ 8 GeV (see Fig. 1). In a recent 
paper [31] we demonstrated that the isospin violation needed to produce f n /fp - -0.71 can be 
easily accommodated using Standard Model mediators, via interference of two different channels 
in elastic WIMP-nuclei collisions (see also [32, 33]). Interfering DM can thus naturally explain 
the above phenomenological ratio. We showed that if Interfering DM is made of composite 
asymmetric WIMPs (with electroweak compositeness scale), a simple interference in the WIMP- 
nucleus collision between a photon exchange (via a dipole type interaction) and a Higgs exchange 
can produce the required isospin violation. Interestingly this candidate has been proven to arise 
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in strongly interacting models using first principle lattice computations [19]. 




8 9 10 11 12 8 9 10 11 12 

m DM in GeV m DM in GeV 



FIG. 1: Favored regions and exclusion contours in the (mom, o~v) plane for the standard case f n /fp = 1 (left panel) 
and the case f n /fp = -0.71 (right panel). The green contour is the 3o favored region by DAMA [34] assuming no 
channeling [35] and that the signal arises entirely from Na scattering; the blue region is the 90% CL favored 
region by CoGeNT; the cyan contour is the la favored region by CRESST-II [25]; the dashed line is the exclusion 
plot by CDMS II Soudan [26]; and the black and blue lines are respectively the exclusion plots from the XenonlO 
[27] and XenonlOO [28] experiments. The CoGeNT and DAMA overlapping region passing the constraints is 
shown in red. 

In this paper we extend the idea of interfering DM by presenting three general interference 
patterns for fermionic DM that can accommodate the experimental findings. More specifically 
we show under what conditions interference between Z and a Z'; Z' and Higgs, and two Higgs 
doublets can provide the appropriate isospin violation. In the last case we show that the in- 
terference between the two Higgs scalars can also be compatible with Electroweak Baryogene- 
sis [36-38]. We should also mention that observations of neutron stars put severe constraints on 
the spin-dependent cross section of fermionic asymmetric WIMPs [39], and bosonic asymmetric 
WIMPs [40]. In our study here we avoid these constraints because our fermionic asymmetric 
WIMP candidates do not have significant spin-dependent cross section. 

II. Z INTERFERING WITH Z' 

First we will consider a scenario where a fermionic DM particle ip couples to the Z-boson and 
to a spin-1 state Z'. 
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The Z-DM and Z-nucleon interaction Lagrangian, including only renormalizable terms, reads 

Z p [p y fl (?7p - a p y 5 )p + « y^(y n - a n y 5 )n\ , 



2cos0 



where the Z-DM couplings (vector) and ay (axial-vector) are normalized to the usual weak 
coupling strength, p and n refer respectively to protons and neutrons and the Z-nucleon vector 
and axial-vector couplings are 



v p = ~ -2sin 2 w , v n = -- r Op = 1.36, fl„ = -1.18, 



where we have used the numerical values from [41] to estimate a p and a„. However, we are 
not concerned with the axial-vector couplings, since their contribution to the cross section is 
suppressed with respect to the one given by the vector couplings. Similarly the Z'-DM and 
Z'-nucleon interaction Lagrangian can be written as 

z cos t>w 

As for the Z, also in this case the axial-vector couplings contribution to the cross section is 
negligible. Possible constraints from colliders on 2! can be safely avoided assuming a leptophobic 
Z'. As long as the 2! couplings to leptons are small enough, no bounds can be set at present. Using 
Eqs. (1) and (2), we can write the spin-independent cross section in the zero momentum transfer 
limit as 

a= ^i| /pZ+/n(A _ Z) |2 / (3) 

where Gf is the Fermi constant, \i& is the DM-nucleus reduced mass, and the dimensionless 
couplings to protons and neutrons are defined as 
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m z m z 
fp = V^Vp + v'^o'p — , f„= VyV n + v'^v' n — . (4) 

We already know that in order to alleviate the discrepancy between the different direct detection 
experimental results we need to have otdm ~ 8 GeV, f n /fp = -0.71, and the DM-proton cross 
section o p ~ 2 X 10~ 38 cm 2 . Thus by fixing these three values we find the following relations for 



the unknown parameters of the model 



\fp 



ml I o„n 

2 

til 

f n = V^V n + V'^v' n = -0.71/ p . (6) 

m z , 

Substituting the numbers and dividing by the known values of the parameters v p = 0.055 and 

v n - -0.5 we get the two constraints 

v 'v m % I my \~ 2 

"* + ^ZT = ^ + 15 ^ UnTT^v = ±17 ' (7) 



^ + ^sj=^- L7 ^(iooivr= ±L3 - (8) 

The Z-DM coupling tty can be constrained using the measurements of the Z decay width into 
invisible channels. The LEP experiment set strict limits on the number of SM neutrinos, i.e. N v — 
2.984 ± 0.008 [42]. The error in the measurement can be used to constrain non-SM contributions 
to the Z decay width. Using the uncertainty in the LEP result 6lep = 0.008, this yields 

^ i s(3- i g 2 ) + 2fl2 i g 3 <6 LE p, (9) 

where jS = ^1 - 4m^ M /m| is the velocity factor. Assuming a DM mass of ~ 8 GeV, with no 
axial-vector coupling (a^ = 0), the vector coupling v^u can assume its maximal allowed value 
< 0.063, while for ay = this constraint gives \v^\ < 0.045. Taking into account this strong 
bound in Eqs. (7), and (8), it is evident that the bulk contribution is due to the Z' alone. Therefore 
interference is not relevant for this kind of DM interaction with the SM particles. Similar studies 
have been performed recently in [43]. 



III. Z' INTERFERING WITH HIGGS 



Before proceeding, let us comment, that the DM signals seen in DAMA/CoGeNT and the null 
results of the other direct DM experiments cannot be explained simultaneously through a Z and 
Higgs interference. The reason for this is that a light (~ 8 GeV) Dirac DM particle, with a coupling 
to the Z-boson such that o p ~ 2 x 10" 38 cm 2 and f n /fp = -0.71, is ruled out by the aforementioned 
LEP constraints. However, as we will demonstrate below, interference between Z' and the Higgs 
is a viable possibility. 

The relevant Higgs (h) interaction Lagrangian is 

ftt 

■&h = m DM \pil> - hU>(dh + a h y 5 )\p -/ h (pp + nn) , (10) 
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where df, and are the dimensionless scalar and pseudo-scalar Higgs-DM couplings respectively. 
The Higgs field h is here the physical field, i.e. the oscillation around the vacuum expectation value 
Vew- We have specified a mass term for the DM to point out that it doesn't need to be generated 
by the vacuum expectation value of the Higgs field. 

Combining the scalar interaction from this Lagrangian, with the vector one for the Z' as it 
appears in (2), we get the DM-nucleus spin-independent cross section as in Eq. (3), where now the 
dimensionless couplings to protons and neutrons are defined as 



m 



| fm p VEw , , m\ fntpVEw 



fp = V 'ip V 'p— ~ d h 2 ' fn=Vro n —-d h . (11) 

Y * mt, mt r mt, mt 

Z' h Z' h 

As for the Z-Z' case, the pseudo-scalar and pseudo-vector couplings of the DM with the Higgs 
and the Z' respectively lead to negligible contributions to the cross section compared to the scalar 
and vector ones investigated here. The constraints are 

m\ fm p v E w 



\fv\ = 



v'v' 



4> V 2 " 2 

Y mt, mt 

Z' h 
„2 



= 0.92 (12) 



mt fm v VEw 

fn = tyn-T ~ 4-^— = -0.71/ p = +0.65 . (13) 

Y mt, mt 

Z h 

These can be rewritten as 
where we have used / = 0.3 [44]. 

If all the couplings are of order unity and mz^m;, ~ 100 GeV, the Higgs contribution to the 
interference is negligible, and the Z' has to directly account for the isospin violation needed to 
get the desired value of f n /fp- A substantially lighter Higgs, around 50 GeV with a coupling d/, 
in the range 5 - 10, can lead to a phenomenologically viable interference. Note that such a light 
Higgs-like state is not immediately ruled out by collider experiments since this state has new 
decay modes, e.g. to two DM particles which are not accounted for in the SM (see e.g. [45]). 



IV. INTERFERENCE WITHIN THE TWO HIGGS DOUBLET MODEL 



We will now consider a two Higgs doublet model where one of the Higgs fields couples to 
up-type quarks and the other to down-type quarks. This kind of scenario albeit more general, 
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is similar to the Minimal Supersymmetric Standard Model Higgs sector. We consider Yukawa- 
type interactions between the two Higgs fields and the fermionic DM \p. We write also effective 
interactions with the SM proton p and neutron n. The interaction Lagrangian is 



&m = Af%i/^ + Ajfeipp + \\hxhn + Af%# + tyvpp + A n 2 h 2 nn . (16) 

hi and h 2 are here the physical scalars, i.e. the mass eigenstates after diagonalization, where the 
original Higgs fields coupled one to the up-type quarks and the other to the down-type. The 
nucleon couplings are then 

, p cos 9 v-i . . _ . . sin 9 v-i . . _ . . .„ _ . 

K = l^(p\m qu q u q u \p) ~ — l^(p\m qd q d q d \p) , (17a) 

, „ cos v-i . , . . sin 6 v-i . , , , .„ _ . 

A? = > (n\m qu q u q u \n) > (n\m qd q d q d \n) , (17b) 

flu <?d 

lP sin v-i . _ , , cos 6 v-i . , _ , , .„ _ . 

A 2 = -^r~ ]_Jv\ m ci«ququ\v) + —— ]_kv\ m ^qdqd\v) > ( 17 c) 

qu qd 

,„ sin v-i, , _ , , cos 9 v-i, , , .„,_,,. 

A 2 = > (n\m qu q u q u \n) + > (n\m qd q d q d \n) , (I7d) 

qu z Ad 

where the sums over up-type (q u ) and down-type (q d ) quarks account for the scalar quark currents 
within the nucleons. V\ and v 2 are the vacuum expectation values of the two Higgs fields, which 
obey the relation ^| w /2 = v 2 + v\ (vew - 246 GeV). 9 is the mixing angle needed to diagonalize 
the Higgs system, and here is a free parameter. We also assume that the DM particle mass 
is not generated by the vacuum expectation values of the Higgs fields. The matrix elements 
(p, n\m qu d q Ufd q U/d \p, n) in (17) are obtained in chiral perturbation theory, when dealing with light 
quarks, using the measurements of the pion-nucleon sigma term [46], and in the case of heavy 
quarks, from the mass of the nucleon via trace anomaly [44, 47]. The experimental uncertainties, 
especially in the pion-nucleon sigma term, give rise to differences in the values of these matrix 
elements. As long as A^ and A" are not identical, isospin violation can always be guaranteed. To 
evaluate the matrix elements we follow Ref. [41] which makes use of the results found in [44, 46, 47]. 



Yjp\ m q»Wi\v) ~ 105 MeV , Jjplm^dlp) « 417MeV , (18a) 

qu qd 

Yjv\ m quMu¥) « 100 MeV , J^inlm^q^n) « 426 MeV . (18b) 

qu qd 

The spin-independent DM-nucleus cross section can now be calculated using the interaction 



terms from Eq. (16) 
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n 



|/ p Z + / n (A-Z)| 2 , (19) 



where the couplings to protons and neutrons are 1 

A DM A P A DM A P A DM A n ^DM^n 

fp-^^ + ^T^' fn = ^± + ^^. (20) 

mf mf mf mf 

Eqs. (19) and (20) can be used to study the effects of the interference in a generic two Higgs doublet 
model. Substituting the couplings from (17), (18) into (20), and imposing the fitting values for 
fflDM, fn/fp and Op, we get the following constraint equations for the unknown parameters: 

1 \vew> \ i&AlOOGeV/ 

4.0 A? M ( -^-f ' (cos 6 + 0.25 sin d^] ( -^—T = ±3.5 x 10 2 , (21) 
2 \VEw> V oi/VlOOGeV/ v 7 

1 Ww/ V ^AlOOGeV/ 

4.3 A 2 DM ( (cos + 0.23 sin 6^) ( = + 2 - 6 >< 1q2 ■ ( 22 ) 

For natural values of Oi and i.e. of the order of Vew, and for and wj^ 2 of the order of 100-1000 
GeV, the DM couplings to the Higgs fields need to be of i^(10 3 ) to fit the data. This large couplings 
are of course unnatural as such. Thus the original DM-Higgs interactions and related couplings, 
introduced in Eq. (16), need to be considered as a simple effective description. 

We will introduce now a model that will accommodate such large values for the effective 
couplings, and link it also to Electro weak Baryogenesis [36, 37, 48-50]. We start by recalling 
the three Sakharov conditions needed for successful production of a baryon asymmetry for the 
model considered here [36]: the baryon number violation originates from SM sphalerons; out-of- 
equilibrium conditions are generated by bubble nucleation in a strong first order electroweak (EW) 
phase transition; a new CP violating phase which we take it to be generated within the two Higgs 
doublet model. Thus we will now investigate whether both baryogenesis and the explanation 
of the direct detection data via interference can be achieved simultaneously using a two Higgs 
doublet model. 

We start by introducing a DM-Higgs effective Lagrangian, which avoids the large DM-Higgs 
couplings discussed in the end of the last section. The Lagrangian reads 

A DM V 2 \DM V 2 A DM ^DM 

i^DM = (»1DM - - ~^)# + -J^l<£l# + ^<t>2<hW>> ( 23 ) 

1 The normalization for f p and /„ here is different than the one used in Eq. (3). 
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where the cut-off A is assumed to be of the order of 1-10 GeV. We will show that for such a range 
of A the required couplings to DM will turn to be between 1-10. Here we indicated the Higgs 
doublets before EW symmetry breaking by (p. In principle it is not hard to construct a UV complete 
theory for such a generic effective Lagrangian. We give one such a model in the Appendix A. As 
an underlying two Higgs model we will use the one studied in [36-38]. After implementing the 
DM part, the full two Higgs model Lagrangian is 

2 

= Yj l D ^'| 2 - V W>1> fc) + ^DM + ^fermions + ^Yuk + ^gauge , (24) 

where the two Higgs doublets scalar potential is 

V(<ft,<fc) = Ai(#<fc - v\) 2 + A 2 ($<fc - vl) 1 + A 3 [(^i - v\) + ($<fr - v\)] 2 
+ A4[(#<M($<fc) - (<#<fc)(<$fr)] + A 5 [Re((/){(/) 2 ) - ^ 2 cos£] 2 
+ A 6 [Im((/){(/) 2 ) - ^iz; 2 sin £] 2 , (25) 

£ being the relative CP violating phase between the two Higgs fields, which cannot be entirely 
rotated away by field redefinitions [51]. =Sff e rmions an d -^gauge account for the fermion covariant 
derivative terms and the gauge field kinetic terms respectively. Yukawa interactions in Jz?Yuk 
couple the up-type quarks to (p\ and the down-type quarks to c/) 2 , resulting in identical Higgs- 
proton and Higgs-neutron couplings as presented in Eqs. (16) and (17). The only relevant SM 
Yukawa coupling for baryogenesis is the top quark one [36]. Due to the specific choice of the 
interaction between DM and the Higgs fields, baryogenesis is not affected by the presence of the 
DM sector. Fitting now the DM direct detection data using the model (23), we get the following 
constraints 



Xr [ — f (cos - 4.0 sin 0*) (^-] 2 + 



4.0 A™ (— )~ (cos + 0.25 sin 8^)( = ±1.8 x 10 2 , (26) 
2 \VEw> V A 100 GeV/ v ' 



[DM/ A \ V—n , 0_._„*M/ ^1 



K — cos 6 - 4.3 sin 6— " 1 + 
1 \vew) V 2 AlOOGeV/ 



1 / ti_ \ / \-2 



4.3A 2 DM (— ) (cos + 0.23 sin 0^)(J^-)~ = +1.3 x 10 2 . (27) 
2 \v EW ) \ i?i A 100 GeV/ 

Af M and A° M are here defined so that 2Af M »i/A and 2A^ M o 2 /A are the actual couplings of the 

DM to the physical Higgs fields hi and 7z 2 , respectively, 

TlDM jDM 

X DM = A DM (CQS Q _ sin 2 V2 ~DM = aJ?M^ q ^ g 1 ^) . (28) 

1 1 Af M ^l 2 2 Af M ^2 



tan20 = —T, T. 7~7 57 ' ( 29 ) 



Given the potential in Eq. (25), the mixing angle 9 is now given by 

2p 1 p 2 (4A 3 + g) 
4^(A 2 + A 3 ) - 4^(Ai + A 3 ) + - Wj) 

where g = A5 cos 2 £ + A6 sin 2 £. If we assume that A ~ 1 GeV, and that both Higgs fields are light, 

^(100) GeV, we find that the DM couplings to the Higgs doublets A° M and A™ (or at least one of 

them) need to be of the order 0(10) to be able to fulfill the above constraint equations. The size of 

these couplings is now substantially reduced with respect to the previous model. 

Summarizing, since the CP violating phase can be rotated away in the light quark sector [51] 

there are no direct implications for the direct detection experiments. A welcome feature is that by 

including the interaction of the Higgs fields to DM using higher order operators, the energy scale 

A can be traded for a more natural value of the dimensionless couplings when fitting their values 

to direct detection data. 



V. CONCLUSIONS 



We have investigated several quantum mechanical interfering patterns for DM scattering off 
nuclei that can explain the DAMA and CoGeNT results. In particular we considered the case in 
which DM interacts via Z and Z', Z' and Higgs, and two Higgs fields with or without CP violation. 
We found that in the first case due to the constraints from the invisible decay width of the Z, the 
dominant contribution should come from the Z' exchange. In the second case, Z' dominates again 
upon assuming natural values of the Higgs coupling and masses. In the last case we found that 
an explanation of the DAMA/CoGeNT results based on interference of two Higgs fields besides 
being phenomenologically viable, is also consistent with the Electroweak Baryogenesis scenarios 
based on two Higgs doublet models. 



Appendix A: An ultraviolet completion 

In the Lagrangian below we introduce a simple renormalizable ultraviolet complete model for 
the effective theory presented in (23): 

&s = \{d^SWS) - A S (S 2 - v 2 s ) 2 + J/ DM S# 

- yi[(#<f>i - v\) + (S 2 - v 2 )] 2 - y 2 [(<$fc - v 2 ) + (S 2 - v 2 )] 2 , (Al) 

where S is a new real, EW singlet, scalar field and yvMi V\, J/2 and A s are the dimensionless scalar- 
DM, scalar-Higgs 1, scalar-Higgs 2 and scalar self-couplings respectively. The scalar potential, 
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including the terms with couplings A s , \j\ and yj, is minimized together with the two Higgs 
potential (25). We define with s the physical fluctuation of S around its vev v s . As long as the (pi — s 
mixings in the Higgs-scalar mass matrix are tiny, the singlet field s will couple mostly to the DM 
whereas the SM particles will couple mostly to the two Higgs fields. 

After integrating out the massive degrees of freedom, i.e. the Higgses and the scalar S, from the 
full model, the low energy effective theory describes also the four fermion interactions between 
the DM and the quarks, with effective couplings 

8ypMyiyg4^s . a yiV2 . n l M 

r — (cost^ - sinti )(cosft - sinti ) + 

mjm^ y\V\ y q ,\ 

8ymAyzyq,2V2v s . Q ym . y q ,\ 

r— ; (cos + sin 0- )(cos0 + smd— —) , (A2) 

mjm 1 ^ yiv 2 y q , 2 

where y„i is the quark-Higgs i Yukawa coupling, before the diagonalization of the Higgs system, 
and m s and m^. are the physical masses of the singlet and the Higgs fields respectively. Matching 
the Lagrangian (Al) with (23) implies 4i/DMi/i^s/Wg = A? /A. As long as the fundamental energy 
scale for S is less than EW, i.e. m s ~ A < vew, the effective four fermion couplings can be much 
larger than the underlying couplings yoM> yi taken to be of the order of unity. 
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